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INTRODUCTION 
The use of urea as a nitrogen fertilizer has increased dramatically 
during the past 20 years, and urea is now the most important solid 
fertilizer in world agriculture (Engelstad and Hauck, 1974; Beaton, 
1978). There is a clear need, therefore, to find methods of reducing 
the problems associated with the use of this fertilizer. These problems 
result largely from the rapid hydrolysis of urea to ammonia and carbon 
dioxide by soil urease and the concomitant rise in pH and accumulation 
of ammonium. They include damage to germinating seedlings and young 
plants, nitrite and(or) ammonia toxicity, and volatilization of urea 
fertilizer N as ammonia (Casser, 1964; Tomlinson, 1970). Gaseous loss 
of urea-N as ammonia is of particular concern because there is evidence 
that, with some soils (particularly soils under pasture), it can exceed 
50% of N applied (Allison, 1966; Uatkins et al., 1972; Catchpoole, 1975; 
Terman, 1979). 
One approach to reducing the problems associated with the use of 
urea as a fertilizer is to find compounds that will inhibit urease 
activity and thereby retard urea hydrolysis when applied to soils in 
conjunction with urea fertilizer. This approach has received 
considerable attention during the past decade, and numerous compounds 
have been patented or proposed as inhibitors of urea hydrolysis in soil 
(Mulvaney and Bremner, 1981). Most of these inhibitors are inorganic or 
organic compounds previously shown to be potent inhibitors of urease 
isolated from plants or microorganisms. They have included urea 
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derivatives (e.g., methylurea, thiourea, phenylurea) that compete with 
urea for active sites on the urease enzyme complex (Sor et al., 1966; 
Geissler et al., 1970; Liesegang et al., 1976), quinones (e.g., 
p - b e n z o q u i n o n e ,  2 , 5 - d i m e t h y l  b e n z o q u i n o n e )  a n d  p o l y h y d r i c  p h e n o l s  ( e . g . ,  
catechol, hydroquinone) (Anderson, 1970; Bremner and Douglas, 1971a; 
Bundy and Bremner, 1973; Thieme et al., 1976; Mulvaney and Bremner, 
1978b), dithiocarbamates (Hyson, 1963; Tomlinson, 1967; Geissler et al., 
1970; Lang et al., 1976), organophosphorus insecticides (Lethbridge and 
Burns, 1976), hydroxamic acids (Pugh and Waid, 1969), heterocyclic 
mercaptans (Held et al., 1976a; Lang et al., 1976), boron- or fluorine-
containing compounds (Sor, 1968; Geissler et al., 1970), and salts of 
metals having atomic weights >50 (Sor, 1968; 1969; Geissler et al., 
1970). Compounds patented have also included antimetabolites that 
interfere with the metabolism of urease-producing microorganisms (e.g., 
pyridine-3-sulfonic acid, desthiobiotin, o-chloro-p-aminobenzoic acid) 
(Peterson and Walter, 1970). Most of the compounds proposed are not 
very effective for inhibition of soil urease activity (Mulvaney and 
Bremner, 1978a; 1981), but recent research has indicated that several 
phosphoroamides are very effective urease inhibitors and have potential 
value for retarding hydrolysis of urea fertilizer in soil. No 
information is available, however, concerning the effects of these 
compounds on nitrification, denitrification, or mineralization of 
organic nitrogen in soil, and such information is clearly needed to 
assess their potential value as fertilizer amendments. 
The purpose of the work reported in this dissertation was to assess 
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the potential value as soil urease inhibitors of six phosphoroamides not 
previously studied for their ability to retard hydrolysis of urea in 
soil. The effects of these compounds on urea hydrolysis in soil were 
compared with those of two urease inhibitors known to be among the most 
effective compounds thus far proposed for inhibition of soil urease 
activity (phenylphosphorodiamidate and hydroquinone). The six compounds 
were also examined for their effects on nitrification of ammonium, 
denitrification of nitrate, and mineralization of organic nitrogen in 
soil, and the two compounds found to be the most effective for 
inhibition of soil urease activity [N-butyl phosphorothioic triamide and 
N-(diaminophosphinyl)-cyclohexylamine] were examined for their effects 
on ammonia volatilization and nitrite accumulation in soil treated with 
urea. Factors influencing the effectiveness of N-butyl phosphorothioic 
triamide for retardation of urea hydrolysis in soil were also 
investigated. 
4 
PART I. EVALUATION OF SOME PHOSPHOROAMIDES AS SOIL UREASE INHIBITORS 
5 
INTRODUCTION 
The rapidly increasing importance of urea as a nitrogen fertilizer 
in world agriculture has emphasized the need for research to find 
methods of reducing the problems encountered in use of this fertilizer 
(Cooke, 1969; Engelstad and Hauck, 1974; Beaton, 1978). These problems 
result largely from the rapid hydrolysis of urea to ammonia and carbon 
dioxide by soil urease and the concomitant rise in pH and accumulation 
of ammonium. They include gaseous loss of urea N as ammonia, nitrite or 
ammonia toxicity or both, and damage to germinating seedlings and young 
plants (Casser, 1964; Tomlinson, 1970). 
One approach to reducing the problems associated with the use of 
urea as a fertilizer is to find compounds that will inhibit urease 
activity and thereby retard urea hydrolysis when applied to soils in 
conjunction with fertilizer urea. This approach has received 
considerable attention during the past decade, and many compounds have 
been patented as inhibitors of urea hydrolysis in soils (Mulvaney and 
Bremner, 1981). Most of these compounds are not very effective for 
inhibition of soil urease activity (Mulvaney and Bremner, 1978a, 1981), 
and only one compound, namely phenylphosphorodiamidate (PPD), has 
attracted significant attention. This compound was among a group of 
phosphoroamides patented by Held et al. (1976b) for reducing gaseous 
loss of urea-N as ammonia when urea fertilizer is applied to soils, and 
recent work in our laboratory (Martens and Bremner, 1984a) showed that 
it was the most effective of 12 phosphoroamides evaluated as soil urease 
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inhibitors and was considerably more effective than five compounds known 
to be among the most effective of the compounds thus far proposed for 
inhibition of urease activity in soils (hydroquinone, catechol, 
1,4-benzoquinone, 2,5-dichloro-l,4-benzoquinone, and phenylmercuric 
acetate). 
The purpose of the work reported here was to evaluate six 
phosphoroamides under consideration by Allied Corporation as urea 
fertilizer amendments for inhibition of urease activity in soils. To 
evaluate these compounds, I compared their abilities to retard urea 
hydrolysis in soils with those of PPD and hydroquinone. The influence 
of soil temperature on the effectiveness of these compounds for 
inhibition of soil urease activity was studied because recent work 
(Martens and Bremner, 1984b) showed that the ability of PPD to inhibit 
soil urease activity decreased markedly as temperature increased from 10 
to 40°G. 
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MATERIALS AND METHODS 
The soils used (Table 1) were surface (0-15 cm) samples of Iowa 
soils selected to obtain a range in pH (5.7-8.3), texture (5-80% sand, 
14-67% silt, 6-41% clay), organic carbon content (0.59-5.70%), and CaCOg 
equivalent (0-30%). Before use, each sample was air-dried and crushed to 
pass through a 2-mm screen. The analyses reported in Table 1 were 
performed as described by Zantua and Bremner (1975). 
Unless otherwise specified, the procedure used to study the effects 
of the test compounds on urea hydrolysis in soils was as follows. Five-
gram samples of air-dried soils were placed in 65-mL glass bottles and 
treated with 2 mL of water containing 10 mg of urea or with 2 mL of water 
containing 10 mg of urea and 50 ng of the test compound. The bottles were 
stoppered and placed in an incubator at 10, 20, 30, or 40°C. After 3, 
7, and 14 days, triplicate bottles were removed from the incubator, and 
urea in the incubated soil samples was extracted with 2M KCl containing 
5 ixg mL"^ of phenylmercuric acetate as described by Douglas and Bremner 
(1970) and determined by the colorimetric method described by Mulvaney 
and Bremner (1979). Percentage inhibition of urea hydrolysis by the 
test compound was calculated from (C-T)/C x 100, where T = amount of 
urea hydrolyzed in the soil sample treated with test compound, and C = 
amount of urea hydrolyzed in the control (no test compound added). 
The name, formulas, and sources of the eight compounds studied are 
reported in Table 2. 
Table 1. Properties of soils used 
Soil 
Urease Organic CaCOg 
Series Subgroup pH activity^ C Sand Silt Clay equivalent 
% 
Rosebud Aridic Agriustoll S .0 14 .2 0 .59 57 24 19 1.7 
Buckney Entic Hapludoll 8, .3 25, .7 0. ,70 80 14 6 29.8 
Dickinson Typic Hapludoll 5. 7 17, ,4 1. 26 45 42 13 0.2 
Nicollet Aquic Hapludoll 6, ,4 66. ,1 1. 98 46 32 22 0 
Muscatine Aquic Hapludoll 6. 0 28, 3 2. ,25 5 67 28 0 
Harps Typic Calciaquoll 7, .9 65. ,4 5. 70 13 46 41 23.8 
^ Expressed as //g urea hydrolyzed h"^ g"^ soil (37°C). 
Table 2. Compounds studied 
No. 
Compound 
Name Formula Source^ 
1 Phenylphosphorodiamidate C5H50P0(NH2)2 K 
2 Hydroquinone C6H4(0H)2 F 
3 N-(Diaminophosphinyl)-cyclohexylamine CgH;LlNHPO(NH2)2 A 
4 N-Benzyl-W-methyl phosphoric triamide CgHgCHg(CH3)NHPO(NH2)2 A 
5 Trichloroethyl phosphorodiamidate CCl3CH20PO(NH2)2 A 
6 Diethyl phosphoric triamide (C2H5)2NP0(NH2)2 A 
7 Dimethyl phosphoric triamide (CH3)2NP0(NH2)2 A 
8 W-Butyl phosphorothioic triamide C4HgNHPS(NH2)2 A 
^ K, K & K Labs Division, ICN Pharmaceuticals, Plainview, NY; F, Fisher Scientific 
Co., Itasca, IL; A, Allied Corporation, Solvay, NY. 
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All analyses and experiments were performed in duplicate or 
triplicate. 
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RESULTS AND DISCUSSION 
Tables 3-6 show the effects of 10 Mg g*^ soil of each test compound 
on the amount of urea hydrolyzed when six soils treated with urea were 
incubated for various times at 10, 20, 30, or 40°C. The data reported 
show that the six new phosphoroamides studied (compounds 3-8) compared 
favorably with hydroquinone (compound 2) for retarding hydrolysis of 
urea in soils at 10, 20, 30, or 40°C and that iV-butyl phosphorothioic 
triamide (NBPT, compound 8) and (diaminophosphinyl)-cyclohexylamine 
(compound 3) were superior to phenylphosphorodiamidate (PPD, compound 1) 
for retarding hydrolysis of urea in soils at 20, 30, or 40°C. The data 
in Tables 3-6 also show that the effectiveness of all eight of the test 
compounds for retarding urea hydrolysis in soils decreased with increase 
in soil temperature, and they confirm previous evidence (Martens and 
Bremner, 1984b) that the ability of PPD.to inhibit soil urease activity 
decreases markedly with increase in temperature from 10 to 40°C. 
Comparison of the data in Tables 3-6 indicates that NBPT is the 
most effective of the compounds thus far proposed for inhibition of soil 
urease activity and deserves consideration as a fertilizer amendment for 
retarding hydrolysis of urea fertilizer in soil. Support for this 
conclusion is provided by Table 7, which shows the effects of different 
amounts of the test compounds on urea hydrolysis in soils incubated at 
20°C for 10 days after treatment with urea, and by Table 8, which shows 
the results obtained in a comparison of the effects of different amounts 
Table 3. Effects of test compounds on hydrolysis of urea in soils at 10°C^ 
Compound 
Time of 
hydrolysis 
Soil 
Rosebud Buckney Dickinson Nicollet Muscatine Harps Average 
days % Retardation of urea hydrolysis by compound 
1 
2 
3 
4 
5 
6 
7 
8 
1 
2 
3 
4 
5 
6 
7 
8 
92 
77 
97 
94 
90 
91 
90 
94 
LSD (0.05) 2.05 
99 
78 
98 
99 
91 
93 
92 
98 
84 94 
76 73 
82 92 
81 91 
77 79 
76 81 
76 80 
80 95 
LSD (0.05) 2.21 
99 
70 
92 
86 
74 
86 
72 
95 
97 
62 
87 
83 
65 
82 
68 
93 
98 
64 
90 
88 
66 
87 
67 
93 
88 
49 
84 
78 
50 
74 
52 
85 
97 
31 
97 
84 
59 
82 
62 
90 
90 
0 
89 
57 
43 
54 
45 
85 
72 
49 
73 
55 
51 
54 
51 
68 
59 
27 
54 
47 
35 
38 
35 
56 
93 
62 
91 
84 
72 
82 
72 
90 
85 
48 
81 
74 
58 
68 
59 
82 
^ 5-g samples of soil were incubated (10°C, 2 mL water) for 3, 7, or 14 days after treatment 
with 10 mg urea and 50 fig of compound specified. In the control experiments in which only urea was 
added, urea was detected in the Dickinson and Buckney soils after 3, 7, and 14 days, but could not 
be detected in the Rosebud and Nicollet soils after 14 days or in the Muscatine and Harps soils 
after 7 days. 
^ Compound numbers refer to those in Table 2. 
Table 3. (Continued) 
, Time of jb Compound hydrolysis Rosebud Buckney Dickinson Nicollet Muscatine Harps Average 
days % Retardation of urea hydrolysis by compound 
1 14 75 89 90 92 90 7 74 
2 68 68 51 36 0 0 37 
3 72 89 82 80 58 25 68 
4 73 85 65 51 23 18 53 
5 70 72 56 43 10 8 44 
6 72 76 63 51 19 12 49 
7 71 73 57 44 11 11 45 
8 73 93 86 84 79 26 74 
LSD (0.05) 2.33 
Table 4. Effects of test compounds on hydrolysis of urea in soils at 20°C^ 
Compound 
Time of 
hydrolysis 
Soil 
Rosebud Buckney Dickinson Nicollet Muscatine Harps Average 
days % Retardation of urea hydrolysis by compound 
1 
2 
3 
4 
5 
6 
7 
8 
90 
71 
96 
91 
79 
79 
76 
89 
LSD (0.05) 2. 
91 
73 
93 
90 
80 
83 
81 
94 
97 
62 
84 
70 
64 
68 
65 
89 
93 
58 
84 
67 
61 
54 
61 
88 
92 
25 
81 
63 
49 
51 
47 
84 
37 
20 
49 
40 
28 
40 
39 
58 
83 
52 
81 
70 
61 
63 
62 
84 
33 
1 
2 
3 
4 
5 
6 
7 
8 
85 86 
61 62 
87 85 
82 83 
65 67 
73 72 
69 68 
78 90 
LSD (0.05) 2.36 
89 
55 
74 
59 
57 
57 
56 
78 
82 
51 
75 
57 
53 
54 
53 
82 
73 
0 
67 
49 
39 
46 
38 
74 
0 
0 
37 
28 
14 
29 
26 
45 
69 
38 
71 
60 
49 
55 
53 
74 
^ 5-g samples of soil were incubated (20°C, 2 mL water) for 3, 7, or 14 days after treatment 
with 10 mg urea and 50 //g of compound specified. In the control experiments in which only urea was 
added, urea was detected in the Rosebud, Dickinson, and Buckney soils after 3 and 7 days, but could 
not be detected in these soils after 14 days or in the Muscatine, Nicollet, or Harps soils after 3 
days. 
^ Compound numbers refer to those in Table 2. 
Table 4. (Continued) 
Compound^ hydrolysis Rosebud Buckney Dickinson Nicollet Muscatine Harps Average 
days % Retardation of urea hydrolysis by compound 
1 14 57 32 16 13 10 0 21 
2 31 28 0 0 0 0 10 
3 68 79 22 25 17 12 37 
4 62 60 0 0 0 0 20 
5 39 45 0 0 0 0 14 
6 56 58 0 0 0 0 19 
7 52 53 0 0 0 0 18 
8 69 89 31 76 59 17 57 
LSD (0.05) 2.40 
Table 5. Effects of test compounds on hydrolysis of urea in soils at 30°C^ 
Compound 
Time of 
hydrolysis 
Soil 
Rosebud Buckney Dickinson Nicollet Muscatine Harps Average 
days % Retardation of urea hydrolysis by compound 
1 
2 
3 
4 
5 
6 
7 
8 
82 
68 
94 
85 
70 
75 
72 
88 
LSD (0.05) 2. 
78 
63 
90 
86 
69 
73 
70 
92 
74 
51 
69 
60 
52 
56 
53 
72 
77 
46 
65 
54 
49 
51 
50 
81 
72 
11 
58 
27 
18 
23 
21 
78 
0 
0 
35 
32 
0 
27 
24 
52 
64 
40 
69 
57 
43 
51 
48 
77 
76 
1 
2 
3 
4 
5 
6 
7 
8 
63 51 
56 42 
84 82 
78 76 
60 55 
67 64 
65 58 
75 88 
LSD (0.05) 3.38 
54 
35 
49 
41 
36 
38 
37 
46 
50 
23 
34 
30 
25 
27 
25 
70 
0 
0 
0 
0 
0 
0 
0 
36 
0 
0 
13 
0 
0 
0 
0 
34 
36 
26 
44 
38 
29 
33 
31 
58 
^ 5-g samples of soil were incubated (30°C, 2 mL water) for 3, 7, or 14 days after treatment 
with 10 mg urea and 50 jug of compound specified. In the control experiments in which only urea was 
added, urea was detected in the Rosebud, Dickinson, and Buckney soils after 3 days, but could not 
be detected in these soils after 7 days or in the Muscatine and Harps soils after 3 days. 
^ Compound numbers refer to those in Table 2. 
Table 5. (Continued) 
Time of jD Compound hydrolysis Rosebud Buckney Dickinson Nicollet Muscatine Harps Average 
days % Retardation of urea hydrolysis by compound 
1 14 0 0 0 0 0 0 0 
2 0 0 0 0 0 0 0 
3 71 68 0 0 0 0 23 
4 60 59 0 0 0 0 20 
5 0 0 0 0 0 0 0 
6 50 41 0 0 0 0 15 
7 43 40 0 0 0 0 14 
8 64 82 0 30 0 0 29 
LSD (0.05) 4.56 
Table 6. Effects of test compounds on hydrolysis of urea in soils at 40°C^ 
, Time of 
Compound hydrolysis 
Soil 
Rosebud Buckney Dickinson Nicollet Muscatine Harps Average 
days % Retardation of urea hydrolysis by compound 
1 
2 
3 
4 
5 
6 
7 
8 
65 31 
47 25 
90 85 
82 73 
58 27 
65 62 
60 59 
80 86 
LSD (0.05) 3.06 
57 
34 
57 
49 
36 
43 
40 
58 
60 
21 
52 
44 
24 
29 
25 
75 
31 
8 
20 
16 
11 
14 
11 
61 
0 
0 
16 
0 
0 
0 
0 
48 
41 
23 
53 
44 
26 
35 
32 
68 
1 
2 
3 
4 
5 
6 
7 
8 
33 
27 
79 
70 
45 
64 
54 
74 
LSD (0.05) 3. 
0 
0 
78 
61 
0 
55 
51 
83 
0 
0 
0 
0 
0 
0 
0 
12 
18 
0 
10 
0 
0 
0 
0 
46 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
9 
5 
28 
22 
8 
20 
18 
34 
59 
^ 5-g samples of soil were incubated (40°C, 2 mL water) for 3, 7, or 14 days after treatment 
with 10 mg urea and 50 ^ g of compound specified. In the control experiments in which only urea was 
added, urea was detected in the Dickinson soil after 3 days, but could not be detected in this soil 
after 7 days or in the Rosebud, Muscatine, Nicollet, Harps, or Buckney soils after 3 days. 
^ Compound numbers refer to those in Table 2. 
Table 6. (Continued) 
, Time of jb Compound hydrolysis Rosebud Buckney Dickinson Nicollet Muscatine Harps Average 
days % Retardation of urea hydrolysis by compound 
1 14 0 0 0 0 0 0 0 
2 0 0 0 0 0 0 0 
3 65 31 0 0 0 0 16 
4 50 24 0 0 0 0 12 
5 0 0 0 0 0 0 0 
6 39 18 0 0 0 0 10 
7 38 0 0 0 0 0 6 
8 62 79 0 5 0 0 24 
LSD (0.05) 4.78 
Table 7, Effects of different amounts of test compounds on hydrolysis of urea in soils at 20°C^ 
Amount of Soil 
^ compound added 
Compound (^g g" soil) Rosebud Buckney Dickinson Nicollet Muscatine Harps Average 
% Retardation of urea hydrolysis by compound 
1 1 49 19 38 49 3 0 26 
2 25 20 12 9 0 0 11 
3 64 27 30 26 0 6 26 
4 60 41 10 16 0 0 22 
5 10 26 34 30 25 0 21 
6 38 35 10 18 0 0 19 
7 55 57 13 1 0 0 21 
8 52 80 40 58 22 0 42 
LSD (0.05) 2.82 
1 5 66 26 50 67 27 0 39 
2 48 51 33 36 0 0 28 
3 81 70 42 38 0 24 43 
4 77 65 22 3^ 0 1 33 
5 40 38 49 65 38 0 49 
6 57 48 34 47 4 1 32 
7 71 69 18 15 0 0 29 
8 64 85 58 70 61 17 59 
LSD (0.05) 3.63 
^ 5-g samples of soil were incubated (20^C, 2 mL water) for 10 days after treatment with 10 mg 
urea and 5, 25, or 50 jUg of compound specified. 
^ Compound numbers refer to those in Table 2. 
Table 7. (Continued) 
Amount of Soil 
compound added — 
Compound^ (^g g"^ soil) Rosebud Buckney Dickinson Nicollet Muscatine Harps Average 
% Retardation of urea hydrolysis by compound 
1 10 71 40 60 73 35 0 47 
2 60 55 53 51 5 0 37 
3 88 79 50 47 7 41 52 
4 84 72 25 46 4 8 40 
5 51 42 55 71 43 0 44 
6 68 61 43 65 12 10 43 
7 80 78 26 21 0 5 36 
8 73 88 67 81 72 28 68 
LSD (0.05) 3.25 
22 
Table 8. Comparison of effects of different amounts of N-butyl 
phosphorothioic triamide (NBPT) and phenylphosphorodiamidate 
(PPD) on urea hydrolysis in soils at various temperatures^ 
Amount added (ng g"^ soil) 
Temperature NBPT PPD 
Soil (°C) 1 5 10 1 5 10 
% Retardation of urea hydrolysis-• - - -
Rosebud 10 58 71 79 53 78 86 
20 49 60 73 49 66 71 
30 44 58 69 0 17 28 
35 35 51 64 0 0 0 
Buckney 10 85 89 93 69 79 82 
20 80 86 89 19 26 40 
30 68 81 84 0 13 25 
35 60 80 82 0 0 0 
Dickinson 10 77 84 88 85 92 94 
20 40 58 67 38 50 60 
30 0 5 15 0 0 4 
35 0 0 0 0 0 0 
Nicollet 10 69 80 85 85 92 94 
20 58 75 79 49 67 73 
30 4 39 55 0 6 13 
35 0 9 28 0 0 0 
Muscatine 10 55 83 84 73 90 93 
20 26 64 72 3 27 30 
30 0 0 8 0 0 0 
35 0 0 0 0 0 0 
Harps 10 13 24 36 0 14 22 
20 0 17 28 0 0 0 
30 0 0 0 0 0 0 
35 0 0 0 0 0 0 
Average 10 60 72 77 61 74 78 
20 42 60 68 26 39 46 
30 19 30 39 0 6 11 
35 16 23 29 0 0 0 
^ 5-g samples of soil were incubated (2 mL water) at 10, 20, 30, 
or 35°C for 10 days after treatment with 10 mg urea and 5, 25, or 50 jxg 
of NBPT or PPD. 
23 
of NBPT and PPD on urea hydrolysis in soils incubated at 10, 20, 30, or 
35°C for 10 days. 
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SUMMARY 
The effectiveness of six phosphoroamides for retardation of urea 
hydrolysis in soils was studied by determining the effects of 
10 Mg g*^ soil of each compound on the amounts of urea hydrolyzed when 
soils treated with urea were incubated at 10, 20, 30, and 40°C for 3, 7, 
and 14 days. The phosphoroamides used were W-(diaminophosphinyl)-
cyclohexylamine, N-benzyl-N-methyl phosphoric triaraide, diethyl 
phosphoric triamide, trichloroethyl phosphorodiamidate, dimethyl 
phosphoric triamide, and N-butyl phosphorothioic triamide. The soils 
used were selected to obtain a range in properties, and the effects of 
the six phosphoroamides studied were compared with those of two 
compounds known to be among the most effective compounds thus far 
proposed for retardation of urea hydrolysis in soils 
(phenylphosphorodiamidate and hydroquinone). The data obtained showed 
that all six of the phosphoroamides evaluated compared favorably with 
hydroquinone as soil urease inhibitors and that two of them [W-butyl 
phosphorothioic triamide and (diaminophosphinyl)-cyclohexylamine] were 
superior to phenylphosphorodiamidate for retardation of urea hydrolysis 
in soils at 20, 30, or 40°C. 
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PART II. EFFECTS OF PHOSPHOROAMIDES ON NITRIFICATION, DENITRIFICATION, 
AND MINERALIZATION OF ORGANIC NITROGEN IN SOIL 
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INTRODUCTION 
The growing importance of urea fertilizer in world agriculture has 
stimulated research to find compounds that will retard hydrolysis of 
urea by soil urease and thereby reduce the problems encountered in use 
of this fertilizer (Tomlinson, 1970; Engelstad and Hauck, 1974; Mulvaney 
and Bremner, 1981). This research has indicated that several 
phosphoroamides have potential value for retarding urea hydrolysis in 
soil (Held et al., 1976b; Matzel et al., 1978a; 1978b; 1979; 
Heber et al., 1979; Vlek et al., 1980; Byrnes et al., 1983; 
Kampfe et al., 1983; Martens and Bremner, 1984a; 1984b; Chai and 
Bremner, 1985), but no information is available concerning the effects 
of these compounds on nitrification, denitrification, or mineralization 
of organic nitrogen in soil, and such information is clearly needed to 
assess the potential value of phosphoroamides for control of urea N 
transformations in soil. 
I report here the results of studies to determine the effects of 
nine phosphoroamides on nitrification, denitrification, and 
mineralization of organic nitrogen in soil. The phosphoroamides studied 
were those found most effective in recent work (Martens and Bremner, 
1984a; 1984b; Chai and Bremner, 1985) to evaluate various 
phosphorodiamides and phosphorotriamides as soil urease inhibitors. 
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MATERIALS AND METHODS 
The soils used (Table 9) were surface (0-15 cm) samples of soils 
representative of the Harps, Canisteo, and Storden series used for corn 
and soybean production in north-central Iowa. 
Table 9. Analyses of soils used 
Soil Organic Total 
Series Subgroup^ pH C N Sand Silt Clay CCE^ 
% 
Harps TC 7. 9 4. 2 0, ,32 11 49 40 4, ,0 
Canisteo TH 7, .5 3, ,3 0, ,24 31 39 30 0, ,3 
Storden TU 8, ,1 1. ,2 0, ,10 57 23 20 2, .6 
® TC, Typic Calciaquoll; TH, Typic Haplaquoll; TU, Typic 
Udorthent. 
^ CaCOg equivalent. 
Before use, each sample was air-dried and crushed to pass through a 
2-mm screen. In the analyses reported in Table 9, pH was determined 
with a glass electrode (soil:water ratio, 1:2.5) and total N was 
determined by a semimicroKjeldahl procedure (Bremner, 1965a). Organic G 
was determined as described by Mebius (1960) and CaCOj equivalent was 
calculated from inorganic G determined as described by Bundy and Breraner 
(1972). Particle size analysis was performed as described by Genrich 
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Table 10. Phosphoroamides studied 
Compound 
No. Name Formula Source^ 
1 Phenylphosphorodiamidate CgH50P0(NH2)2 K 
2 N-(Diaminophosphinyl)-
cyclohexylamine CgHiiNHP0(NH2)2 A 
3 W-Benzyl-iV-methyl phosphoric 
triamide CgH5CH2(CH3)NHPO(NHg) 2 ^ 
4 Trichloroethyl phosphoro-
diamidate CCl3CH20P0(NH2)2 A 
5 Diethyl phosphoric triamide (C2H5)2NP0(NH2)2 A 
6 Dimethyl phosphoric triamide (CH3)2NP0(NH2)2 A 
7 N-Butyl phosphorothioic 
triamide C^H9NHPS(NH2)2 A 
8 N-Fluoro-N-(diamino-
pho s phiny1)b enz amide 4-FCgH^C0NHP0(NH2)2 N 
9 W-Phenylphosphoric triamide CgH5NHP0(NH2)2 N 
^ K, K & K Labs Division, ICN Pharmaceuticals, Plainview, NY; 
A, Allied Corporation, Solvay, NY; N, Norwich-Eaton Pharmaceuticals, 
Norwich, NY. 
and Bremner (1972). 
The names, formulas, and sources of the nine phosphoroamides 
studied are reported in Table 10. The effects of these compounds on 
nitrification in soil were compared with those of nitrapyrin [2-chloro 
6-(trichloromethyl)pyridine] and etridiazole (5-ethoxy-3-
trichloromethyl-1,2,4-thiadiazole), which have been registered as soil 
nitrification inhibitors under the trade names of N-Serve and Dwell, 
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respectively. Nitrapyrin was obtained from Dow Chemical Co., Midland, 
MI and Dwell was obtained from Olin Corporation, Little Rock, AR. 
To determine the effects of the test compounds on nitrification of 
ammonium in soil, 10-g samples of soil were placed in 250-mL French 
square bottles and treated with 1 mL water containing 2 mg N as ammonium 
sulfate and with 3 mL water containing 0, 0.05, 0.10, or 1.0 mg of the 
test compound. The bottles were then sealed with rubber stoppers 
covered with aluminum foil and incubated at 20°C for 21 days or at 30°C 
for 14 days (the bottles were aerated at 3-day intervals during 
incubation). After the times specified, triplicate bottles were removed 
from the incubator, and their contents were analyzed for ammonium-N, 
nitrate-N, and nitrite-N as described by Bremner and Keeney (1966). The 
amount of (nitrate + nitrite)-N produced during incubation was 
calculated from the results of analyses for (nitrate + nitrite)-N before 
and after incubation, and percentage incubation of nitrification by the 
test compound was calculated from (C - T)/C x 100, where T - amount of 
(nitrate + nitrite)-N produced in the soil sample treated with the test 
compound, and C - amount of (nitrate + nitrite)-N produced in the 
control (no test compound added). None of the incubated soil samples 
contained more than 1 Mg nitrite-N g"^ soil, and no ammonium-N could be 
detected in the control samples (no test compound added) after 
incubation at 20°C for 21 days or at 30°C for 14 days. 
To study the effects of the test compounds on denitrification of 
nitrate in soil, 30-g samples of soil were placed in 1.2-L flasks fitted 
with standard taper (34/45) ground-glass joints and were treated with 
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5 mL of H2O containing 0, 0.30, or 1.5 mg of the test compound and with 
10 mL of H2O containing 9 mg of N as KNO3. Each flask was then sealed 
with a glass stopper fitted with a standard taper (34/45) ground-glass 
joint and a glass stopcock and was connected to a manifold system 
attached to a mercury (Hg) manometer. The flasks were evacuated via the 
stopcock and filled with helium (He) to slightly above atmospheric 
pressure, and this process was repeated three times. The flasks were 
then brought to atmospheric pressure with He and placed in an incubator 
at 30°C. The atmospheres in the flasks were subsequently sampled at 
2-day intervals for determination of N2O, NO, N2, and O2 by the GC-
ultrasonic detector method described by Blackmer and Bremner (1977). 
Only the data obtained after 8 days are reported because the conclusions 
reached were not significantly affected by the time of sampling. The 
analyses for O2 were performed to check that anaerobic conditions had 
been maintained. The results of analyses for NO are not reported 
because only trace amounts of this gas could be detected. 
Soil samples were analyzed for nitrite by the colorimetric 
procedure described by Bremner (1965b) and for nitrate by the steam 
distillation method described by Bremner and Keeney (1966). All 
experiments were performed in triplicate. 
To determine the effects of the test compounds on mineralization of 
organic nitrogen in soil, 10-g samples of soil were placed in 250-mL 
French square bottles and treated with 1 mL water containing 0 or 2 mg N 
as alanine and with 3 mL water containing 0, 0.10, or 0.50 mg of the 
test compound. The bottles were then sealed with rubber stoppers 
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covered with aluminum foil and incubated at 30°C for 21 days (the 
bottles were aerated at 3-day intervals during incubation). The 
incubated soil samples were then analyzed for ammonium-N and nitrate-N 
by the steam-distillation methods described by Bremner and Keeney (1966) 
and for nitrite-N by the colorimetric method described by Bremner 
(1965b). The effects of the test compounds on mineralization of alanine 
in soil were studied by comparing the amounts of (NH^"*" + NOg" + NO2") -N 
produced by mineralization of alanine in the presence and absence of 
these compounds (controls were performed to allow for inorganic N 
produced by mineralization of soil organic matter and the test 
compounds). None of the incubated soil samples contained more trace 
amounts of nitrite-N. 
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RESULTS AND DISCUSSION 
Table 11 shows the data obtained in a comparison of the effects of 
the nine phosphoroamides studied, nitrapyrin, and etridiazole on 
nitrification of NH^"*" in soils incubated at 20°C, and Table 12 shows the 
data obtained when the same comparison was performed with soils 
incubated at 30°C. Incubations were performed at both 20 and 30°C 
because work reported in Part I showed that the effectiveness of 
phosphoroamides as soil urease inhibitors decreased markedly with 
increase in soil temperature from 20 to 30°C. 
The data obtained when incubation was performed at 20°C showed 
that, of the nine phosphoroamides tested, only trichloroethyl 
phosphorodiamidate (compound 4) had a significant inhibitory effect on 
nitrification when applied at a rate of 5 or 10 pig g"^ soil, and only 
trichloroethyl phosphorodiamidate and N-butyl phosphorothioic triamide 
(compound 7) had appreciable inhibitory effects when applied at the rate 
of 50 or 100 fxg g"^ soil (Table 11). The data obtained when incubation 
was performed at 30°C (Table 12) showed that only trichloroethyl 
phosphorodiamidate had an inhibitory effect on nitrification when 
applied at the rate of 10 Mg g'^ soil and inhibited nitrification in all 
three soils when applied at the rate of 50 or 100 fj.g g"^ soil. Butyl 
phosphorothioic triamide had an inhibitory effect on nitrification in 
the Canisteo and Storden soils when applied at the rate of 50 or 
100 Mg g'^ soil, but it had no effect on nitrification in the Harps soil 
when applied at these rates. Comparison of the data in Tables 11 and 12 
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Table 11. Comparison of effects of phosphoroamides, nitrapyrin, and 
etridiazole on nitrification of ammonium in soils (20°C)^ 
% Inhibition of nitrification 
Amount added Harps Canisteo Storden 
Compound (fxg g" soil) soil soil soil 
1 10 0 0 0 
100 0 0 0 
2 10 0 0 0 
100 0 0 0 
3 10 0 0 0 
100 0 0 17 
4 5 10 42 64 
10 20 49 80 
50 35 55 87 
100 53 64 89 
5 10 0 0 0 
100 0 0 0 
6 10 0 0 0 
100 0 0 0 
7 10 0 0 1 
50 10 15 52 
100 25 33 80 
8 10 0 0 0 
100 0 0 0 
9 10 0 0 0 
100 0 0 0 
Nitrapyrin 5 84 84 99 
Etridiazole 5 92 91 99 
^ 10-g samples of soil were incubated (20°C, 4 mL water) for 
21 days after treatment with 2 mg N as (NH^)2S0^ and 0.05, 0.10, 
0.50, or 1.0 mg of compound specified. 
^ Compound numbers refer to those in Table 10. 
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Table 12. Comparison of effects of phosphoroamides, nitrapyrin, and 
etridiazole on nitrification of ammonium in soils (30°C)^ 
% Inhibition of nitrification 
Amount added Harps Canisteo Storden 
Compound (ng g" soil) soil soil soil 
1 10 0 0 0 
100 0 0 0 
2 10 0 0 0 
100 0 0 0 
3 10 0 0 0 
100 0 0 4 
4 5 3 4 36 
10 4 19 70 
50 15 21 80 
100 25 28 85 
5 10 0 0 0 
100 0 0 0 
6 10 0 0 0 
100 0 0 0 
7 10 0 0 0 
50 0 4 20 
100 0 12 62 
8 10 0 0 0 
100 0 0 0 
9 10 0 0 0 
100 0 0 0 
Nitrapyrin 5 76 78 98 
Etridiazole 5 90 90 98 
^ 10-g samples of soil were incubated (30°C, 4 mL water) for 
14 days after treatment with 2 mg N as (NH^)2S0^ and 0.05, 0.10, 
0.50, or 1.0 mg of compound specified. 
^ Compound numbers refer to those in Table 10. 
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shows that the inhibitory effects of trichloroethyl phosphorodiamidate 
and W-butyl phosphorothioic triamide decreased with increase in 
temperature from 20 to 30°C and that the inhibitory effects of 
100 fjLg g'^ soil of these compounds on nitrification were smaller than 
the corresponding effects of 5 ng g"^ soil of the two patented 
nitrification inhibitors (nitrapyrin and etridiazole). 
Bundy and Bremner (1973) found that the effectiveness of nitrapyrin 
and other compounds proposed as inhibitors of nitrification in soil 
depended greatly upon the type of soil studied and that these compounds 
were most effective with light-textured soils. The data in Tables 11 
and 12 show that soil type had a similar influence on the effectiveness 
of trichloroethyl phosphorodiamidate and butyl phosphorothioic 
triamide as inhibitors of nitrification in soils (both compounds were 
more effective with the light-textured Storden soil than with the Harps 
or Canisteo soil). 
Table 13 shows the effects of 10 fxg g"^ soil of the nine 
phosphoroamides on denitrification of nitrate in the three soils used, 
and Table 14 shows the corresponding effects of 50 pig g"^ soil of these 
compounds. The data reported show that none of the phosphoroamides 
studied had an inhibitory effect on denitrification of nitrate by soil 
microorganisms when applied at the rate of 10 or 50 /ng g"^ soil, but 
that two of them, dimethyl phosphoric triamide (compound 6) and N-butyl 
phosphorothioic triamide (compound 7), promoted microbial reduction of 
N2O in the Canisteo soil when applied at these rates. Two of the 
compounds, W-fluoro-W-(diaminophosphinyl)benzamide (compound 8) and 
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Table 13. Effects of 10 Mg g"^ soil of different phosphoroamides on 
denitrification of nitrate in soils^ 
N produced (ng g*^ soil) 
NOa"-N lost 
Soil° Compound^ (fxg soil) NOg'-N NgO-N Ng-N (N02"+N20+N2)-N 
None 106 0 3 102 105 
1 105 0 1 107 106 
2 103 0 2 101 103 
3 103 0 1 102 103 
4 108 0 3 104 107 
5 103 0 4 100 104 
6 103 0 2 101 103 
7 103 0 1 102 103 
8 104 0 3 102 103 
9 105 0 2 104 106 
None 68 0 9 60 69 
1 68 0 7 62 69 
2 68 0 8 62 70 
3 66 0 7 60 67 
4 67 0 9 60 69 
5 66 0 9 59 67 
6 67 0 0 68 68 
7 66 0 1 66 67 
8 68 0 9 59 68 
9 69 0 9 60 69 
None 74 0 1 73 74 
1 77 0 1 78 79 
2 . 77 0 0 78 78 
3 75 0 3 74 77 
4 73 0 2 71 73 
5 73 0 1 72 73 
6 75 0 1 76 77 
7 74 0 1 72 73 
8 75 0 0 74 74 
9 75 0 2 72 74 
^ 30-g samples of soil were incubated (30°C, 15 mL water) under 
He for 8 days after treatment with 9 mg of nitrate-N as KNO^ and 0.3 mg 
of compound specified. 
^ H, Harps; C, Canisteo; S, Storden. 
^ Compound numbers refer to those in Table 10. 
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Table 14. Effects of 50 Mg g"^ soil of different phosphoroamides on 
denitrification of nitrate in soils^ 
N produced (Mg g"^ soil) 
NOj'-N lost 
Soil Compound^ (Mg g" soil) N02"-N N2O-N N2-N (NO2 +N2O+N2)-N 
None 106 0 3 102 105 
1 106 0 1 105 106 
2 104 0 2 102 104 
3 104 0 1 103 104 
4 105 0 4 100 104 
5 107 0 4 102 106 
6 105 0 2 104 106 
7 104 0 2 103 105 
8 112 0 2 109 111 
9 114 0 3 112 115 
None 68 0 9 60 69 
1 67 0 6 61 67 
2 69 0 10 59 69 
3 66 0 11 56 67 
4 68 0 10 59 69 
5 67 0 10 57 67 
6 69 0 0 69 69 
7 67 0 2 65 67 
8 76 0 8 68 76 
9 78 0 8 70 78 
None 74 0 1 73 74 
1 73 0 0 73 73 
2 75 0 1 74 75 
3 76 0 2 74 76 
4 73 0 1 72 73 
5 72 0 1 72 73 
6 76 0 1 74 75 
7 75 0 1 74 75 
8 78 0 3 75 78 
9 79 0 2 77 79 
^ 30-g samples of soil were incubated (30°C, 15 mL water) under 
He for 8 days after treatment with 9 mg of nitrate-N as KNOj and 1.5 mg 
of compound specified. 
^ H, Harps; C, Canisteo; S, Storden. 
^ Compound numbers refer to those in Table 10. 
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phosphoric triamide (compound 9), slightly enhanced denitrification when 
applied at the rate of 50 fxg g'^ soil (Table 14). 
Table 15 shows the effects of 10 Mg g'^ soil of the nine 
phosphoroamides studied on production of inorganic forms of nitrogen by 
mineralization of alanine in soils, and Table 16 shows the corresponding 
effects of 50 ng g"^ soil of these compounds. It can be seen that, 
although none of the compounds studied had a significant effect on 
production of (NH^"*" + NOg" + N02")-N through mineralization of alanine 
by soil microorganisms, trichloroethyl phosphorodiamidate (compound 4) 
inhibited nitrification of the produced by mineralization of 
alanine. 
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Table 15. Effects of 10 fxg g' soil of different phosphoroamides on 
formation of inorganic forms of nitrogen by mineralization 
of alanine in soils^ 
N produced (Mg g"^ soil) 
Soil^ Compound^ NH^+-N (N03"+ N02")-N NO^'f NOgl-N 
None 2 179 181 
1 1 180 181 
2 1 180 181 
3 1 179 180 
4 12 169 181 
5 1 179 180 
6 1 179 180 
7 179 181 
8 1 179 180 
9 1 180 181 
None 4 172 176 
1 4 171 175 
2 4 172 176 
3 4 172 176 
4 30 146 176 
5 4 171 175 
6 4 172 176 
7 4 172 176 
8 4 172 176 
9 4 171 175 
None 1 145 146 
1 1 146 147 
2 1 144 145 
3 1 144 145 
4 27 119 146 
5 1 144 145 
6 1 145 146 
7 1 145 146 
8 1 144 145 
9 1 144 145 
^ 10-g samples of soil were incubated (30°C, 4 mL water) for 21 
days after treatment with 0 or 2 mg of N as alanine and 0 or 0.10 mg of 
compound specified. 
^ H, Harps; C, Canisteo; S, Storden. 
^ Compound numbers refer to those in Table 2. 
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Table 16. Effects of 50 fxg g" soil of different phosphoroamides on 
formation of inorganic forms of nitrogen by mineralization 
of alanine in soils^ 
N produced (fxg g"^ soil) 
Soil^ Compound^ (NO^'f NOgl-N (NH^++ NOgl-N 
None 2 179 181 
1 1 180 181 
2 2 179 181 
3 1 179 180 
4 43 138 181 
5 1 179 180 
6 1 179 180 
7 2 180 182 
8 1 179 180 
9 1 179 180 
None 4 172 176 
1 4 172 176 
2 4 172 176 
3 3 172 175 
4 41 134 175 
5 3 172 175 
6 3 172 175 
7 4 172 176 
8 4 172 176 
9 3 172 175 
None 1 145 146 
1 1 146 147 
2 1 145 146 
3 1 144 145 
4 89 57 146 
5 1 145 146 
6 1 144 145 
7 1 145 146 
8 1 145 146 
9 1 145 146 
^ 10-g samples of soil were incubated (30°C, 4 mL water) for 21 
days after treatment with 0 or 2 mg of N as alanine and 0 or 0.50 mg of 
compound specified. 
^ H, Harps; C, Canisteo; S, Storden. 
^ Compound numbers refer to those in Table 2. 
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SUMMARY 
Recent work has shown that several phosphorodiamides and 
phosphorotriamides are potent Inhibitors of soil urease activity and 
have potential value for retarding hydrolysis of fertilizer urea in 
soil. The effects of nine of these compounds on nitrification, 
denitrification, and mineralization of organic nitrogen in soil were 
studied by determining the influence of different amounts of each 
compound on (1) the amounts of (nitrate + nitrite)-N produced when soils 
were incubated aerobically after treatment with ammonium sulfate; (2) 
the amounts of nitrate-N lost and the amounts of (nitrite + NgO + NO + 
N2)-N produced when soils were incubated anaerobically after treatment 
with potassium nitrate; and (3) the amounts of inorganic-N produced when 
soils were incubated aerobically after treatment with alanine. The 
compounds studied were phenylphosphorodiamidate, W-(diaminophosphinyl)-
cyclohexylamine, W-benzyl-W-methyl phosphoric triamide, trichloroethyl 
phosphorodiamidate, diethyl phosphoric triamide, dimethyl phosphoric 
triamide, N-butyl phosphorothioic triamide, N-fluovo-N-
(diaminophosphinyl)benzamide and 7f-phenylphosphoric triamide. The data 
obtained showed that only trichloroethyl phosphorodiamidate had a 
significant inhibitory effect on nitrification when applied at the rate 
of 5 or 10 ng g"^ soil and that only trichloroethyl phosphorodiamidate 
and W-butyl phosphorothioic triamide had an appreciable inhibitory 
effect when applied at the rate of 50 or ICQ (xg g'^ soil. None of the 
phosphoroamides studied inhibited denitrification of nitrate or 
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mineralization of organic nitrogen when applied at the rate of 10 or 
50 Mg g"^ soil. 
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PART III. EFFECTS OF PHOSPHOROAMIDES ON AMMONIA VOLATILIZATION 
AND NITRITE ACCUMULATION IN SOILS TREATED WITH UREA 
44 
INTRODUCTION 
The work reported in Part I showed that W-butyl phosphorothioic 
triamide (NBPT) and N-(diaminophosphinyl)-cyclohexylamine (DPCA) are 
more effective than phenylphosphorodiamidate (PPD) for retarding 
hydrolysis of urea in soils at 20, 30, or 40°C. The purpose of the work 
reported here was to compare the effects of NBPT, DPCA, PPD, and 
hydroquinone on ammonia volatilization and nitrite accumulation in soils 
treated with urea. Hydroquinone was included in this comparison because 
it is known to be one of the most effective compounds proposed for 
inhibition of urease activity in soil (Mulvaney and Bremner, 1981). 
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MATERIALS AND METHODS 
The soils used (Table 17) were surface (0-15 cm) samples of soils 
used for corn and soybean production in north-central Iowa. Previous 
work in our laboratory showed that treatment of these soils with urea 
led to substantial volatilization of ammonia or accumulation of nitrite. 
Table 17. Analyses of soils used 
__ 
Organic Total 
Series Subgroup^ pH C N Clay Sand CCE CEC^ 
% 
Thurman UH 6, ,8 0, . 6  0, ,05 1 90 0 3. 2 
Buckney EH 8, .3 0, .7 0, ,05 6 80 29.8 10, ,1 
Sparta EH 5, ,5 0. 8 0. ,07 9 75 0 10, ,7 
Dickinson TH 5, .7 1, .3 0 .16 13 45 0 14. 0 
Clarion TH 6 .5 1, .4 0 .16 27 62 0.2 16, .7 
^ UK, Udorthentic Haplustoll; EH, Entic Hapludoll; 
TH, Typic Hapludoll. 
^ CaCOg equivalent. 
^ Cation-exchange capacity [cmol(+)kg'^]. 
Before use, each soil sample was air-dried and crushed to pass 
through a 2-mm screen. In the analyses reported in Table 17, pH, CaCOg 
equivalent, organic C, and texture were determined as described by 
Zantua and Bremner (1975), total N was determined by a semimicroKjeldahl 
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procedure (Bremner, 1965a), and cation-exchange capacity was determined 
as described by Keeney and Bremner (1969). 
W-Butyl phosphorothioic triamide (NBPT) and W-(diaminophosphinyl)-
cyclohexylamine (DPCA) were provided by Allied Corporation, Solvay, NY. 
Phenylphosphorodiamidate (PPD) and hydroquinone (HQ) were obtained from 
K & K Labs Division, ICN Pharmaceuticals, Plainview, NY and Fisher 
Scientific Co., Itasca, IL, respectively. To compare the effects of 
these four urease inhibitors on transformations of urea-N in soils, 10-g 
samples of soils were placed in 250-mL French square bottles and treated 
with 1 mL of water containing 10 mg of N as urea and with 3 mL of water 
or 3 mL of water containing 0.1 mg of the inhibitor under study. The 
bottles were then fitted with an aeration device having an acid trap for 
absorption of ammonia evolved on incubation of the soil samples (for a 
description of this device, see Bremner and Douglas, 1971b) and placed 
in an incubator at 30°C. After 2, 7, and 14 days, duplicate bottles 
were removed from the incubator, and ammonium in the acid traps was 
determined as described by Bremner and Douglas (1971b). Urea, 
exchangeable ammonium, nitrate, and nitrite in the incubated soil 
samples were extracted with 2M KCl containing 5 pig mL'^ of 
phenylmercuric acetate as described by Douglas and Bremner (1970). Urea 
was determined by the colorimetric method described by Mulvaney and 
Bremner (1979), exchangeable ammonium and nitrate were determined by the 
steam distillation methods described by Bremner and Keeney (1966), and 
nitrite was determined by the colorimetric method described by Bremner 
(1965b). 
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To calculate recovery of urea-N as inorganic forms of N, control 
experiments were performed to determine the amounts of exchangeable 
ammonium, nitrite, and nitrate present after various times when the soil 
samples were incubated without addition of urea. These experiments 
showed that the unamended soils did not contain measurable amounts of 
urea before or after incubation at 30°C for 14 days and did not produce 
measurable amounts of nitrite or evolve measurable amounts of ammonia 
during this time. 
Tests previously reported (Bremner and Douglas, 1971b) showed that 
the aeration device used in these experiments permitted incubation under 
aerobic conditions for 14 days without significant loss of water and 
that its acid trap effected quantitative recovery of ammonia evolved 
during incubation. 
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RESULTS AND DISCUSSION 
Table 18 shows the effects of 10 Mg g"^ soil of the four urease 
inhibitors studied on the recovery of urea-N as urea, exchangeable 
ammonium, nitrate, nitrite, and ammonia when five soils were incubated 
at 30°C for 2, 7, and 14 days after treatment with urea 
(1 mg urea-N g"^ soil). The data reported show that the ability of 
these compounds to retard urea hydrolysis, ammonia volatilization, and 
nitrite accumulation in soils treated with urea decreased in the order 
NBPT > DPCA » PPD > HQ. Table 18 also shows that, on average, gaseous 
loss of urea-N as ammonia and accumulation of urea-N as nitrite in five 
soils incubated at 30°C for 14 days after treatment with urea were 
decreased from 52% to 5% and from 11% to 1%, respectively, by addition 
of NBPT at the rate of 10 ixg g"^ soil (0.46 parts per 100 parts of 
urea). 
Table 18. Effects of urease inhibitors on recovery of urea-N as urea, exchangeable ammonium, 
nitrate, nitrite, and ammonia after incubation of urea-treated soils at 30°C for 
various times 
Recovery of urea N (%)^ 
Urease After 2 days After 7 days After 14 days 
inhibitor U E NA NI A U E NA NI A U E NA NI A 
None 74 24 0 0 1 0 38 0 0 61 0 23 0 0 74 
HQ 95 4 0 0 0 13 48 0 0 36 0 24 0 0 72 
PPD 95 3 0 0 0 81 7 0 0 9 27 40 0 0 29 
DPCA 96 3 0 0 0 90 6 0 0 2 54 31 0 0 12 
NBPT 95 4 0 0 0 91 7 0 0 0 83 12 0 0 2 
None 41 48 0 0 9 0 38 1 6 52 0 25 3 8 60 
HQ 77 15 0 0 5 0 49 1 0 45 0 26 2 9 59 
PPD 92 4 0 0 0 29 37 0 0 29 0 27 2 8 58 
DPCA 94 3 0 0 0 89 4 0 0 4 83 5 1 0 8 
NBPT 95 3 0 0 0 92 2 0 0 1 87 4 1 0 3 
None 45 44 0 0 9 0 30 1 5 60 0 16 5 9 65 
HQ 92 6 0 0 1 46 24 2 1 22 0 18 6 9 62 
PPD 95 2 0 0 0 48 30 3 1 15 0 23 6 8 59 
DPCA 94 4 0 0 0 89 5 0 0 2 83 7 0 0 5 
NBPT 94 4 0 0 0 90 5 0 0 1 86 6 0 0 4 
^ U, recovery as urea; E, recovery as exchangeable ammonium; NA, recovery as nitrate; 
NX, recovery as nitrite; A, recovery as ammonia. 
^ T, Thurman; B, Buckney; S, Sparta; D, Dickinson; C, Clarion. 
A 
44 
43 
41 
15 
9 
17 
16 
15 
14 
6 
52 
50 
40 
11 
5 
Table 18. (Continued) 
Recovery of urea N (%) 
Urease After 2 days After 7 days After 14 days 
Soil^  ihibitor U E NA NI A u E NA NI A U E NA NI 
None 24 67 0 0 8 0 44 2 16 36 0 29 5 18 
HQ 67 30 0 0 1 0 46 2 14 34 0 29 6 17 
PPD 76 20 0 0 0 0 48 1 14 33 0 31 8 16 
DPCA 85 13 0 0 0 63 23 4 1 6 12 46 21 2 
NBPT 86 11 0 0 0 72 15 6 0 2 21 43 20 2 
None 41 58 0 0 0 3 77 2 3 12 0 58 2 18 
HQ 77 21 0 0 0 21 68 1 1 5 0 61 3 15 
PPD 92 7 0 0 0 26 67 0 0 2 0 65 4 11 
DPCA 92 6 0 0 0 37 56 0 0 2 12 56 5 7 
NBPT 92 6 0 0 0 73 23 0 0 0 19 66 2 3 
None 45 48 0 0 5 1 46 1 6 44 0 30 3 11 
HQ 82 15 0 0 1 16 47 1 3 28 0 32 3 10 
PPD 90 7 0 0 0 37 39 1 3 18 5 37 4 9 
DPCA 92 6 0 0 0 74 19 0 0 3 49 29 5 2 
NBPT 92 6 0 0 0 84 12 0 0 1 59 26 4 1 
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SUMMARY 
Comparison of the effects of W-butyl phosphorothioic triamide 
(NBPT), (diaminophosphinyl)-cyclohexylamine (DPCA), phenylphosphoro-
diamidate (PPD), and hydroquinone (HQ) on transformations of urea-N in 
soils showed that the ability of these urease inhibitors to retard urea 
hydrolysis, ammonia volatilization, and nitrite accumulation in soils 
treated with urea decreased in the order NBPT > DPCA » PPD > HQ. On 
average, gaseous loss of urea-N as ammonia and accumulation of urea-N as 
nitrite in five soils incubated at 30°C for 14 days after treatment with 
urea were decreased from 52% to 5% and from 11% to 1%, respectively, by 
addition of NBPT at the rate of 10 Mg g"^  soil (0.46 parts per 100 parts 
of urea). 
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PART IV. FACTORS INFLUENCING THE EFFECTIVENESS OF JV-BUTYL 
PHOSPHOTOTHIOIC TRIAMIDE FOR RETARDATION OF UREA 
HYDROLYSIS IN SOIL 
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INTRODUCTION 
The growing importance of urea as a nitrogen fertilizer in world 
agriculture has emphasized the need for research to find methods of 
reducing the problems encountered in use of this fertilizer (Cooke, 
1969; Engelstad and Hauck, 1974; Beaton, 1978). These problems result 
largely from the rapid hydrolysis of urea to ammonia and carbon dioxide 
by soil urease and the concomitant rise in pH and accumulation of 
ammonium. They include damage to germinating seedlings and young 
plants, nitrite and(or) ammonia toxicity, and gaseous loss of urea-N as 
ammonia (Casser, 1964; Tomlinson, 1970). 
One approach to reducing the problems associated with the use of 
urea as a fertilizer is to find compounds that will retard area 
hydrolysis when applied to soils in conjunction with urea fertilizer. 
This approach has received considerable attention during the past 
decade, and numerous compounds have been patented as inhibitors of urea 
hydrolysis in soils (Mulvaney and Bremner, 1981). Most of these 
compounds are not very effective for inhibition of soil urease activity 
(Mulvaney and Bremner, 1978a; 1981) and only one of them, [namely, 
phenylphosphorodiamidate (PPD)], has attracted significant attention. 
This compound was among a group of phosphoroamides patented by East 
German researchers (Held et al., 1976a) for reducing gaseous loss of 
urea-N as ammonia when urea fertilizer is applied to soils, and recent 
work in our laboratory (Martens and Bremner, 1984a; 1984b) indicated 
that it is the most effective of the compounds thus far proposed for 
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retarding hydrolysis of urea fertilizer in soils. 
I report here studies to evaluate W-butyl phosphorethioic triamide 
as a soil urease inhibitor and to determine the factors influencing its 
effectiveness for retardation of urea hydrolysis in soil. This compound 
is currently under consideration by Allied Corporation as a fertilizer 
amendment for retarding hydrolysis of urea by soil urease, and it has 
given promising results in field trials. The work reported here shows 
that it is considerably more effective than PPD as a soil urease 
inhibitor. 
55 
MATERIALS AND METHODS 
The soils used (Table 19) were surface (0-15 cm) samples of 13 
soils selected to obtain a range in pH (5.0-8.3), texture (5-80% sand, 
11-55% clay), and organic matter content (0.59-5.86% organic C). Unless 
otherwise specified, each sample was air-dried and crushed to pass 
through a 2-mm screen. In the analyses reported in Table 23, pH, 
organic C, texture, CaCOg equivalent, and urease activity were 
determined as described by Zantua and Bremner (1975). Total N was 
determined by a semimicroKj eldahl procedure (Bremner and Breitenbeck, 
1983), cation-exchange capacity was determined as described by Keeney 
and Bremner (1969), and surface area was determined by the method of 
Heilman et al. (1965) modified as described by Cihacek and Bremner 
(1979). The organic C, CaCOg equivalent, total N, and cation-exchange 
capacity analyses were performed on <0.14 mm soil. The other analyses 
reported were performed on <2 mm soil. 
N-Butyl phosphorothioic triamide (NBPT) was obtained from Allied 
Corporation, Solvay, New York. Phenylphosphorodiamidate (PPD) was 
obtained from K & K Labs Division, ICN Pharmaceuticals, Plainview, New-
York. 
Unless otherwise specified, the following procedure was used to 
study the effect of NBPT on urea hydrolysis in soil. Five-gram samples 
of air-dried soil were placed in 65-mL glass bottles and treated with 
2 mL water containing 10 mg urea or with 2 mL water containing 10 mg 
urea and 1-125 (usually 50) ng NBPT. The bottles were stoppered and 
Table 19. Properties of soils used 
CaCOg Surface Urease 
Soil pH Organic C Total N Sand Clay equivalent CEC^  area activity^  
% 
Rosebud 8. 0 0. 59 0, .071 57 19 1. ,7 14. ,7 67 14. 2 
Buckney 8, .3 0. 70 0. 050 80 14 29, ,8 10. ,1 35 25 .7 
Ida 7, .9 0. 88 0, .110 5 24 14. ,2 15, .2 92 18. 9 
Canyon 7 .9 0. 89 0. 107 56 22 15, ,5 14. 4 57 23 .6 
Lindley 5 .0 1. 68 0, ,143 40 18 0 11. ,5 52 18 .9 
Dickinson 6. 3 1. 90 0, ,160 53 11 0 14. 0 32 21. ,1 
Muscatine 6 .0 2. 25 0, ,215 5 28 0 23, ,1 109 28 .3 
Indian Head 7. 6 2. 25 0. 281 14 55 2. 8 36, .8 221 37. 8 
Nicollet 6. ,4 3. 08 0, ,259 46 22 0 21, . 7  81 66. 1 
Hayden 6. 9 3. 21 0. 227 53 13 0. 2 16, .3 40 80. 2 
Harps 7. 9 3. 21 0, ,335 27 32 12. 9 31, .7 125 47. 2 
Clyde 5, ,1 4. 23 0, .351 15 28 0 18. 2 103 33, .0 
Okoboj i 6, ,3 5. 86 0. 544 19 41 0 40. 2 180 84, ,9 
 ^Cation-exchange capacity [cmol(+)kg"^ ]. 
 ^Expressed as 10^  kg"^ . 
 ^Expressed as f2g urea hydrolysed h"^  g"^  soil. 
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placed in an incubator maintained at 20°C. After various times (1-21 
days), triplicate bottles were removed from the incubator, and urea in 
the incubated soil samples was extracted with 2M KCl containing 
5 txg mL'^  of phenylmercuric acetate (Douglas and Bremner, 1970) and 
determined by the colorimetrie method of Mulvaney and Bremner (1979). 
Percentage inhibition of urea hydrolysis by NBPT was calculated from 
(C-T)/C X 100, where T - amount of urea hydrolyzed in the soil sample 
treated with NBPT, and C - amount of urea hydrolyzed in the control (no 
NBPT added). 
All analyses and experiments reported were performed in duplicate 
or triplicate. Correlation and multiple-regression analyses were 
performed by using the Statistical Analysis System (SAS) on an IBM 360 
computer. 
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RESULTS AND DISCUSSION 
Evaluation of Experimental Technique 
To study the effect of a test compound on urea hydrolysis in soil, 
it is first necessary to check that the compound does not interfere with 
the method used to measure urea hydrolysis. Tests showed that NBPT did 
not interfere with measurement of urea hydrolysis in soil by the 
procedure described even when it was applied at the rate of 
200 fjLg g"^  soil. 
Other tests showed that the results obtained in studies of the 
effectiveness of NBPT for retardation of urea hydrolysis in soils were 
not significantly affected if the soils were air-dried before use 
(Table 20). 
Table 20. Effect of air-drying soil on effectiveness of NBPT for 
retardation of urea hydrolysis^  
Soil 
Time of 
hydrolysis 
(days) 
% Inhibition of urea hydrolysis^  
ra AD 
Buckney 1 92 96 
3 90 94 
Dickinson 1 87 90 
3 86 89 
Harps 1 61 65 
3 56 58 
 ^Samples of field-moist and air-dried soils (5 g dry material) 
were incubated (20°C, 2 mL water) for 1 or 3 days after treatment with 
10 mg urea and 50 fxg NBPT. 
 ^FM, field-moist soil; AD, air-dried soil. 
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The aqueous solutions of NBPT employed in the work reported were 
prepared immediately before use because tests reported in Table 21 
showed that storage of aqueous solutions of NBPT decreased their 
effectiveness for retardation of urea hydrolysis in soils. However, the 
data in Table 21 show that storage of an aqueous solution of NBPT in a 
refrigerator at 5°C for 3 days did not significantly affect its ability 
to retard urea hydrolysis in soil. 
Table 21. Effect of storing an aqueous solution of NBPT on its 
effectiveness for retardation of urea hydrolysis in soil^  
Soil 
Storage 
temperature 
(°C) 
Time of storage i (days) 
0 3 7 14 21 28 
Retardation of urea hydrolysi s---
Buckney 5 98 96 94 91 86 
10 98 97 95 93 89 84 
20 94 92 89 85 79 
30 93 87 84 79 71 
Dickinson 5 95 94 90 86 83 
10 95 94 93 87 83 80 
20 91 86 84 79 74 
30 87 81 78 69 61 
Harps 5 69 65 64 60 58 
10 69 68 63 62 59 57 
20 63 61 60 57 55 
30 62 59 57 52 47 
5^-g samples of soil were incubated (20°C) for 2 days after 
treatment with 1.0 mL water containing 10 mg urea and 1.0 mL of an 
aqueous solution of NBPT (50 Mg mL" ) that had been stored at 5, 10, 20, 
or 30°C for various times. 
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Comparison of NBPT and PPD 
Table 22 shows the data obtained in a comparison of the effects of 
different amounts of NBPT and PPD on urea hydrolysis in soils at 20°C 
and 30°C. The data reported show that NBPT was considerably more 
effective than PPD in retarding urea hydrolysis in soils at 20°C and was 
much more effective than PPD in retarding urea hydrolysis at 30°C. 
Table 22. Comparison of effects of different amounts of NBPT and PPD 
on urea hydrolysis in soils at 20 and 30°C 
Amount added (ng g"^  soil) 
Soil Temperature NBPT PPD 
(°C) ~~ï 5 ÎÔ" "ï 5 ÏÔ~~ 
—% Retardation of urea hydrolysis— 
Rosebud 20 49 60 73 49 66 71 
30 44 58 69 0 17 28 
Buckney 20 80 86 89 19 26 40 
30 68 80 84 0 0 0 
Nicollet 20 58 75 79 49 67 73 
30 4 39 55 0 6 13 
Muscatine 20 26 64 72 3 27 30 
30 0 0 8 0 0 0 
Average 20 53 71 78 30 47 55 
30 29 45 54 0 6 10 
 ^5-g samples of soil were incubated (2 mL water) at 20 or 30°C 
for 10 days after treatment with 10 mg urea and 5, 25, or 50 ^ ig of NBPT 
or PPD. 
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Effects of Soil Properties on Effectiveness of NBPT 
Table 23 shows the results obtained in a study of the effects of 
NBPT (10 ng g"^  soil) on urea hydrolysis in 13 diverse surface soils 
incubated at 20°C for 7 days after treatment with urea. Statistical 
analyses were performed to determine the relationships between the 
inhibitory effects observed and the soil properties listed in Table 19. 
Simple correlation analyses showed that percentage inhibition of urea 
hydrolysis by NBPT at 20°C was negatively correlated with organic C 
content (r - -0.70**), total N content (r - -0.76**), cation-exchange 
Table 23. Inhibitory effect of NBPT (10 fxg g"^  soil) on urea 
hydrolysis in different soils^  
Soil % Inhibition of urea hydrolysis 
Rosebud 78 
Buckney 90 
Ida 78 
Canyon 86 
Lindley 88 
Dickinson 78 
Muscatine 74 
Indian Head 60 
Nicollet 81 
Hayden 80 
Harps 45 
Clyde 40 
Okoboj i 57 
5^-g samples of soil were incubated (20°C, 2 mL water) for 7 days 
after treatment with 10 mg urea and 50 Mg NBPT. 
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'k "ic 
capacity (r = -0.67 ), clay content (r - -0.63 ), and surface area 
(r - -0.66*) and was positively correlated with sand content 
(r » 0.61*), but was not significantly correlated with pH, silt content, 
urease activity, or CaCOg equivalent (Table 24). Correlation analyses 
also showed that organic C content was highly correlated with total N 
of organic-matter content and because cation-exchange capacity is 
closely related to organic-matter content, the highly significant simple 
correlations between percentage inhibition of urea hydrolysis by NBPT 
and organic G content, total N content, and cation-exchange capacity 
Table 24, Correlations between soil properties and inhibitory 
effect of NBPT on urea hydrolysis (13 soils) 
content (r = 0.93**) and that cation-exchange capacity was highly 
correlated with both organic G content (r - 0.68*) and total N content 
(r = 0.88*). Because organic C content and total N content are indexes 
Soil property 
Correlation 
coefficient (r) 
Organic C content 
Total N content 
Urease activity 
Cation-exchange capacity 
-0.76= 
-0.29 
-0.67* 
0.61* 
-0.38 
-0.63* 
-0 .66*  
0 .21  
0.24 
Sand content 
Silt content 
Clay content 
Surface area 
pH 
CaCO^ 
* Significant at 5% level. 
** Significant at 1% level. 
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(Table 24) suggest that organic-matter content accounts for most of the 
observed variation in the effectiveness of NBPT for retardation of urea 
hydrolysis in different soils. 
Multiple-regression analyses of the data obtained with the 13 soils 
studied showed that the variation in percentage inhibition of urea 
hydrolysis by NBPT (10 Mg g"^  soil) at 20°C was best accounted for 
(R^  - 90%) by the equation (a): 
PI - 177.79 - 21.31 (organic C content) + 0.41 (surface area) + 
0.40 (cation-exchange capacity) +0.71 (urease activity) +0.17 
(sand content) - 1.84 (clay content) - 13.28 (pH) (a) 
where PI - percentage inhibition of urea hydrolysis. The numerical 
coefficients (b-values) of the soil properties in this equation and 
their significance are reported in Table 25. 
Table 25. Numerical coefficients (b-values) of soil properties in 
equation (a) and significance of these coefficients 
Source b-Value 
Intercept 177.79 
Organic C content -21.31** 
Surface area 0.41 
Urease activity 0.71* 
pH -13.28 
Clay content -1.84 
Sand content 0.17 
Cation-exchange capacity 0.40 
* Significant at 5% level. 
Significant at 1% level. 
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It is evident from Table 25 that most of the variation in 
percentage inhibition by NBPT could be accounted for by organic C 
content, urease activity, pH, cation-exchange capacity, clay and sand 
content, and surface area. It is noteworthy that the most significant 
soil property in equation (a) was organic C content (Table 25). This 
finding is in agreement with the simple correlation analyses reported in 
Table 24 and supports the conclusion that the effectiveness of NBPT for 
retardation of urea hydrolysis in soil tends to increase with decrease 
in soil organic-matter content. 
Effects of Amount of Inhibitor, Time, and Temperature 
A study of the effects of different amounts of NBPT on urea 
hydrolysis in six soils showed that percentage Inhibition of urea 
hydrolysis by NBPT increased with the amount of NBPT applied and that 
the effect of increasing the amount of NBPT applied was considerably 
more marked after 10 days than after 2 days (Table 26), It is 
noteworthy that as little as 0.2 pig NBPT g'^  soil markedly inhibited 
urea hydrolysis in 2 days in all six of the soils studied and 
substantially retarded urea hydrolysis in 10 days in four of these 
soils. 
Table 27 shows the results obtained in a study of the effect of 
NBPT (10 Mg g'^  soil) on urea hydrolysis in six soils incubated for 
various times after treatment with urea. The data reported show that 
the inhibitory effect of NBPT on urea hydrolysis decreased markedly with 
time and that, on the average, the percentage inhibition of urea 
Table 26. Effect of different amounts of NBPT on urea hydrolysis in soils^ 
Amount of NBPT added (^ g g"^  soil) 
Soil 
0. ,2 0, ,5 1 .0 3. 0 5, .0 10. 0 25 .0 
2d lOd 2d lOd 2d lOd 2d lOd 2d lOd 2d lOd 2d 10« 
of urea hydrolysis 
Rosebud 40 31 53 39 61 49 70 55 81 60 88 73 89 78 
Buckney 79 69 80 73 84 80 86 84 89 86 95 , 89 95 93 
Dickinson 29 26 37 32 60 45 72 50 76 60 86 67 90 85 
Muscatine 61 0 73 11 75 26 80 52 87 64 90 72 93 82 
Nicollet 61 36 64 55 68 58 79 72 82 75 92 79 96 85 
Harps 45 0 52 0 54 2 59 15 61 20 64 28 73 47 
Average 53 27 60 35 67 43 74 55 79 61 85 68 89 78 
 ^5-g samples of soil were incubated (20°C, 2 mL water) for 2 or 10 days after treatment 
with 10 mg urea and different amounts of NBPT. 
66 
Table 27. Effect of time on effectiveness of NBPT for retardation 
of urea hydrolysis in soils^  
Time (days) 
ouxx 
1 3 7 10 14 21 
- - - -
% Retardation of urea hydrolysis 
Rosebud 90 89 78 73b 69^  62^  
Buckney 96 94 90 89 88^  85^  
Dickinson 90 89 78 67^  3 lb 27b 
Muscatine 91 84^  74^  72b 59b 24^  
Nicollet 93 88^  
CO 
79b 76^  57b 
Harps 65 58^  45^  28^  17b 9^  
Average 88 84 74 68 57 44 
 ^5-g samples of soil were incubated (20°C, 2 mL water) for various 
times after treatment with 10 mg urea and 50 ng NBPT. 
b Complete hydrolysis of urea was observed in the absence of NBPT. 
hydrolysis by NBPT observed after 21 days was only about half of that 
observed after 1 day. 
A study of the effect of NBPT (10 ng g"^  soil) on urea hydrolysis in 
six soils incubated at various temperature for 3, 7, and 14 days showed 
that the inhibitory effect of NBPT on urea hydrolysis decreased markedly 
with increase in temperature from 10 to 40°G and that the effect of 
temperature on inhibition of urea hydrolysis by NBPT was considerably 
greater after 14 days than after 3 or 7 days (Table 28). 
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Table 28. Effect of temperature on effectiveness of NBPT for 
retardation of urea hydrolysis in soils* 
Soil 
Time of 
hydrolysis 
(days) 
Temperature ( C) 
10 20 30 40 
--% Retardation of urea hydrolysis--
Rosebud 3 94 89 88 80 
7 80 78 75 74 
14 73 69 64 62 
Buckney 3 98 94 92 86 
7 95 90 88 83 
14 93 88 82 79 
Dickinson 3 95 89 72 58 
7 93 78 46 2 
14 86 31 0 0 
Muscatine 3 90 84 78 61 
7 85 74 36 0 
14 79 59 0 0 
Nicollet 3 93 88 81 75 
7 85 81 70 46 
14 84 76 30 5 
Harps 3 68 58 52 48 
7 56 45 34 0 
14 26 17 0 0 
Average 3 90 84 77 68 
7 82 75 58 34 
14 74 57 29 24 
*5-g samples of soil treated with 10 mg urea and 50 /ig NBPT were 
incubated (2 mL water) at temperature specified for 3, 7, or 14 days. 
To summarize, the work reported showed that NBPT is more effective 
than PPD as a soil urease inhibitor and deserves consideration as a 
fertilizer amendment for retarding hydrolysis of urea fertilizer in 
soil. It also showed that the inhibitory effect of NBPT on urea 
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hydrolysis in soil increases with the amount of NBPT applied, decreases 
with time and with increase in temperature, and tends to increase with 
decrease in soil organic-matter content. 
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SUMMARY 
Work reported showed that -butyl phosphorothioic triamide (NBPT) 
is considerably more effective than phenylphosphorodiamidate (PPD) as a 
soil urease inhibitor and merits consideration as a fertilizer amendment 
for retarding hydrolysis of urea fertilizer in soil. Studies to 
determine the factors influencing the effectiveness of NBPT for 
retardation of urea hydrolysis in soil showed that the inhibitory effect 
of NBPT on hydrolysis of urea by soil urease increased markedly with the 
amount of NBPT added and decreased markedly with time and with increase 
in temperature from 10 to 40°C. They also showed that the ability of 
NBPT to retard urea hydrolysis in 13 surface soils selected to obtain a 
wide range in properties was significantly correlated with organic C 
content (r - -0.70**), total N content (r - -0.76**), cation-exchange 
capacity (r - -0.67*), sand content (r - 0.61*), clay content 
(r - -0.63*), and surface area (r - -0.66*), but was not significantly 
correlated with pH, silt content, urease activity, or CaCOg equivalent. 
Multiple-regression analyses indicated that the effectiveness of NBPT 
for retardation of urea hydrolysis in soil tends to increase with 
decrease in soil organic-matter content. 
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GENERAL SUMMARY 
The effectiveness of six phosphoroamides for retardation of urea 
hydrolysis in soils was studied by determining the effects of 
10 fig g"^  soil of each compound on the amounts of urea hydrolyzed when 
soils treated with urea were incubated at 10, 20, 30, and 40°G for 3, 7, 
and 14 days. The phosphoroamides used were N-(diaminophosphinyl)-
cyclohexylamine, N-benzyl-ff-methyl phosphoric triamide, diethyl 
phosphoric triamide, trichloroethyl phosphorodiamidate, dimethyl 
phosphoric triamide, and #-butyl phosphorothioic triamide. The soils 
used were selected to obtain a range in properties, and the effects of 
the six phosphoroamides studied on urea hydrolysis were compared with 
those of two compounds known to be among the most effective compounds 
thus far proposed for retardation urea hydrolysis in soils 
(phenylphosphorodiamidate and hydroquinone). The data obtained showed 
that all six of the phosphoroamides evaluated compared favorably with 
hydroquinone (HQ) as soil urease inhibitors and that two of them 
[W-butyl phosphorothioic triamide (NBPT) and (diaminophosphinyl)-
cyclohexylamine (DPCA)] were superior to phenylphosphorodiamidate (PPD) 
for retarding urea hydrolysis in soils at 20, 30, or 40°C. 
The effects of the six phosphoroamides studied on nitrification, 
denitrification, and mineralization of organic nitrogen in soil were 
studied by determining the influence of different amounts of these 
compounds on (1) the amounts of (nitrate + nitrite)-N produced when 
soils were incubated aerobically after treatment with ammonium sulfate; 
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(2) the amounts of nitrate-N lost and the amounts of (nitrite + N2O + NO 
+ N2)-N produced when soils were incubated anaerobically after treatment 
with potassium nitrate; and (3) the amounts of inorganic-N produced when 
soils were incubated aerobically after treatment with alanine. The data 
obtained showed that only trichloroethyl phosphorodiamidate had a 
significant inhibitory effect on nitrification when applied at the rate 
of 5 or 10 Mg soil and that only trichloroethyl phosphorodiamidate 
and NBPT had an appreciable inhibitory effect when applied at the rate 
of 50 or 100 pig g'^  soil. None of the phosphoroamides studied 
significantly affected denitrification of nitrate or mineralization of 
organic nitrogen when applied at the rate of 10 or 50 /ng g"^  soil. 
Comparison of the effects of NBPT, DPCA, PPD, and HQ on 
transformations of urea-N in soils showed that the ability of these 
urease inhibitors to retard urea hydrolysis, ammonia volatilization, and 
nitrite accumulation in soils treated with urea decreased in the order 
NBPT > DPCA » PPD > HQ. On the average, gaseous loss of urea-N as 
ammonia and accumulation of urea N as nitrite in five soils incubated at 
30°C for 14 days after treatment with urea were decreased from 52% to 5% 
and from 11% to 1%, respectively, by addition of NBPT at the rate of 
10 ng g"^  soil (0.46 parts per 100 parts of urea). 
Studies to determine the factors influencing the effectiveness of 
NBPT for retardation of urea hydrolysis in soil showed that the 
inhibitory effect of NBPT on hydrolysis of urea by soil urease increased 
markedly with increase in the amount of NBPT added and decreased 
markedly with time and with increase in temperature from 10 to 40°C. 
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They also showed that the ability of NBPT to retard urea hydrolysis in 
13 surface soils selected to obtain a wide range in properties was 
significantly correlated with organic C content (r - -0.70**), total N 
content (r - -0.76**), cation-exchange capacity (r - -0.67*), sand 
content (r - 0.61*), clay content (r - -0.63*), and surface area 
(r = -0.66*), but was not significantly correlated with pH, silt 
content, urease activity, or CaCOj equivalent. Multiple-regression 
analyses indicated that the effectiveness of NBPT for retardation of 
urea hydrolysis in soil tends to increase with decrease in soil organic-
matter content. 
It is concluded that NBPT is the most effective compound thus far 
proposed for inhibition of soil urease activity and that it deserves 
consideration as a fertilizer amendment for retarding hydrolysis of urea 
fertilizer in soil. 
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